INTRODUCTION
Eukaryotic gene expression is regulated at the levels of transcriptional initiation and of RNA elongation. Binding of RNA polymerase I1 (pol 11) to promoters has been intensively studied. The pol I1 initiation complex can be assembled step by step in vitro and requires the interplay of basal transcription factors with pol I1 and DNA (1-5).
The assembly of the initiation complex is initiated by basal transcription factors which bind to the promoter in a sequencespecific manner. The best-characterized factor is the TFIID complex containing the TATA-box binding protein (TBP). Once TFIID has bound to the TATA box, additional factors including TFIIB can join and thereby allow the entry of pol I1 into the complex. After pol I1 is bound, further factors (TFIIE, TFIIF and TFIIH) interact with the polymerase to form the initiation complex. Both, in vitro and in vivo, the initiation complex runs through a series of modifications and conformational changes before switching into a processive transcription mode. The role of individual transcription factors in this process is currently the subject of intensive research. Whether binding of pol 11 to a promoter in vivo runs through a similiar order of steps as in vitm
is not yet clear. Recently, Koleske and Young (6) have purified a pre-assembled initiation complex from nuclear extracts of yeast. This complex showed specific promoter binding activity and responded to transcriptional activators. This indicates that transcription complexes (pre-assembled in vivo) may also be able to bind to a promoter.
There is now good evidence for additional mechanisms for control of pol I1 transcription once the initiation complex has been established. The C-terminal domain (CTD) of the large subunit of pol I1 appears to play a pivotal role in this control. The CTD comprises multiple copies of the consensus repeat Ser-Pro-ThrSer-Pro-Ser-Tyr (7-9). The primary sequence of the consensus repeat is highly conserved, even though the number of repeats varies from 26 in yeast to 52 in mammalian cells. In vivo, pol II in the initiation complex appears to harbor an underphosphorylated CTD (pol Ha), whereas a processive transcription complex usually contains a highly phosphorylated CTD (pol 110) (10-1 3). In vitm, pol IIa but not pol 1 1 0 forms a stable initiation complex in HeLa cell extracts at the adenovirus major late and murine dihydrofolate reductase promoters (14-16).
CTD phosphorylation is catalysed by a kinase stably associated with the initiation complex which appears to be a component of the transcription factor TFIIH (BTF2, rat 6 factor, and yeast factor b) (1 7-19) and identical to the cyclin dependent kinase-activating kinase Cak (20) (21) (22) (23) . Recently, Dubios et al. (24, 25) have reported phosphorylation of CTD by MAP kinases suggesting CTD as a direct target of kinases activated after rnitogenfc stimulation of cells. However, the enhanced phosphorylation of pol II by MAP kinases would decrease the amount of free pol IIa available for association with the promoter and could, in principle, inhibit trancription. Alternatively, CTD phosphorylation may occur after binding of pol II to DNA. An increasing number of genes including Drosophila heat shock genes (26, 27) , c-myc (28-3 l), transthyretin (TTR) (32) , and c-fos (33) display promoter proximal pausing of pol 11 -2040 bp downstream of the transcription start site. These paused polymerases may be potential targets for CTD phosphorylation.
In recent years, pausing of pol II at c-myc gene promoters and promoter proximal transcriptional termination have been intensively studied (28) (29) (30) (31) 34, 35) . In the absence of yet unknown activation signals, transcriptional complexes pause proximal to the c-myc gene promoters P1 and P2. In the promyelocytic cell line HL60, a pol I1 pause site was determined 30 bp downstream of the P2 RNA cap site by mapping of a transcription bubble in in vivo footprint experiments (29) .
Polymerases which are paused proximal to the promoter become transcriptionally activated in nuclear run-on experiments for unknown reasons (28, 36) . RF266C3 cells carry -30 episomal copies of a stably transfected human c-myc gene arranged in a chromatin structure indistinguishable from the endogenous alleles (30) . Although the transfected c-myc gene copies display a high density of promoter proximal polymerases, the transfected c-myc is not expressed. By using small oligonucleotides as probes, we have shown previously that the region transcribed after activation of these polymerases in nuclear run-on experiments extends to a maximum of 100 bp downstream of the c-myc P1 and P2 promoters, respectively (30) . In this report, we use a modified transcription assay for isolated nuclei to study the localization and processivity of in vivo assembled transcription complexes. We demonstrate variable pause positions of pol 11 at the promoters of both transcribed and non-transcribed c-myc genes.
MATERIALS AND METHODS

Cell culture
Cell line RF266C3 was obtained by stable transfection of Raji cells with the construct RF261-4 (30,37) containing the 8.1 kb HindIII-EcoRI c-myc gene locus (38) on an episomal, EpsteinBarr virus derived vector. Raji is a Burkitt's lymphoma cell line with a t(8;14) translocation. HL60 is a promyelocytic leukemia cell line carrying an amplified c-myc gene (39) . Cells were grown to a density of 8 x 1 6 cellslml in 10% fetal calf serum, RPMI-1640 medium supplemented with penicillin, streptomycin and L-glutamine.
Nuclear run-on assay
Isolation of nuclei, purification of labelled RNA, hybridization of RNA to membrane-bound oligonucleotides, and the washing procedure of membranes including the digestion of single stranded RNA with RNAse A have been described elsewhere (28, 30, 40) . Before and between each run-on reaction, nuclei were washed three times at 4°C in 1 ml lysis buffer El0 m M Tris-HC1 pH 7.4, 10 mM NaCI, 3 mM MgC12, 0.5 % (vlv) NP-401 to remove nucleotides. Subsequently, nuclei were resuspended again in 100 p1 storage buffer [50 m M Tris-HC1 pH 8.3,40 % (vlv) glycerol, 5 rnM MgC12, 0.1 mM EDTA]. The repeated washing procedure could not be carried out with nuclei of sodium butyrate treated cells, since these nuclei turned out to be very fragile. Oligonucleotides A-M were used as hybridization probes and correspond to the antisense strand of c-myc. They have a size of 50 nucleotides each and cover the sequences of exon 1 with the promoters P1 and P2 (28) . The intensities of hybridization signals were determined with a BAS 2000 system (Fuji) and calculated relatively to signals obtained with a homogenously labelled RNA transcribed by T7-RNA polymerase in the presence of [ 3 2~]~~~ (Fig. la) or [ 3 2~] C T~ (Fig. 2a) . 
Mapping of nucleosomes
Nuclei were isolated essentially according to the nuclear run-on protocol (40) . Nuclei (2 x lo7) in 200 p1 nuclear run-on buffer (30 mM Tris-HC1 pH 8.3,150 mM KCI, 5 mM MgC12, 20% glycerol, 0.05 mM EDTA) containing 10 mM CaC12 were incubated for increasing periods of times with 3 U micrococcus nuclease (Sigma, Deisenhofen, Germany). The reaction was stopped by the addition of 10 p10.5 M EDTA. DNA was purified and cut with the indicated restriction enzymes. DNA fragments were separated in a 2% agarose gel, transferred to a nylon membrane and 
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- hybridized with multi-prime labelled PCR probes (41) as indicated in Figure 4 .
RESULTS
Transcription of the c-myc gene is regulated by activation of promoter proximal paused polyrnerases
Treatment of HL6O cells with dimethyl-sulfoxide (DMSO) induces the down-regulation of c-myc expression, whereas treatment of RF266C3 cells with sodium butyrate induces its upregulation. The distribution of RNA polymerase II (pol 11) on c-myc exon 1 in the absence and presence of c-myc expression was studied for both cell lines in nuclear run-on experiments. (28) , which become activated in the run-on reaction. The activated polyrnerases transcribed a short piece of promoter proximal DNA, but failed to transcribe promoter distal sequences, even when the run-on reaction was prolonged for 1 or 2 h (data not shown). For nuclei of HL60 (-DMSO) and RF266C3 (+sodium butyrate) cells, the hybridization signals for promoter distal oligonucleotides (H-M) were markedly increased (Fig. 1) . These signals are characteristic of an expressed c-myc gene and represent polymerases which have left the promoter before the preparation of the nuclei.
Pause positions of pol II downstream of the P1 and P2
promoters To study the pause position(s) of RNA polymerases at the human c-myc gene promoters more precisely, we took advantage of the uneven base composition of c-myc PI and P2 RNAs within the first 50 nucleotides. Stretches from position +20 to +47 in PI RNA and +17 to +52 in P2 RNA do not contain uridine residues (Fig. 2b) (38) . When the run-on reaction in nuclei of RF266C3 cells was camed out in the presence of ATP, GTP, and [32P]CT~, but in the absence of UTP, strong transcription signals were detected only for probes B and E, which locate immediately downstream of P1 and P2 promoters (Fig. 2a, lane 5) . These signals must have been generated by polymerases released from pause sites within the thymidine-free DNA stretches downstream of both promoters. Pausing of pol TI between positions +17 and +52 was also observed in HL60 cells (data not shown) and thus confiied the data of Krurnrn et al. (29) . The presence of UTP in the nuclear run-on reaction allowed the transcription of sequences downstream of probes B and E (Fig. 2% lane 4) . Given the uneven base composition of the first 50 nucleotides of c-myc PI and P2 RNAs (Fig. 2b) and the previously determined pause position of polymerases within the thymidinefree stretch of DNA downstream of both promoters, it was quite unexpected that the first 50 nucleotides of P1 and P2 RNA produced strong hybridization signals for probes B and E when the run-on reaction was carried out in the presence of [ 3 2~]~ (Figs 1 and 2a, lane 3) . This finding indicates incorporation of labelled nucleotides upstream of the respective pause positions during the run-on reaction. One possible explanation for this unexpected finding is that activation of paused polymerases in the thymidine-free DNA stretches involves the degradation of the nascent transcript ( 4 2 4 ) . In this case, the subsequent resumption of transcription from positions further upstream could render transcription of the first 50 nucleotides of P1 and P2 RNA UTP-dependent. However, the pre-incubation of nuclei at 28°C for various times without nucleotides (data not shown) or in the presence of ATP (Fig. 3a) did not support this assumption, since the fraction of polymerases transcribing the first 50 nucleotides of P1 and P2 RNA independently of UTP did not decrease (Fig.  3a, lane 3) . A decrease in the signal for probe E was also not observed when nuclei were pre-incubated for 1 h (data not shown). Therefore, we tested the possibility that more promoter proximal plymerases exist which are able to incorporate labelled UTP into the first 50 nucleotides of P1 and P2 RNA. To this end, we established a procedure which allowed several successive rounds of run-on reactions with the same preparation of nuclei. The first run-on reaction was performed in the presence of ATP, CTP, and GTP to complete the transcription that occurs independently of UTP. After extensive washing of the nuclei to remove unincorporated nucleotides, the run-on reaction was repeated in the presence of ATF', GW, and [32~]CTP. This run-on reaction did not lead to hybridization signals for probes B and E (Fig. 3b, lane l) , indicating that UTP-independent transcription no longer occurred. However, when UTP was added to the second run-on reaction, strong hybridization signals were again obtained for probes B and E (Fig. 3b, lane 3) . This demonstrates that paused plymerases are positioned very close to the transcription start sites of both c-myc promoters. The transcription complexes at the transcription start sites and in the thymidine-free DNA stretches were arbitrarily designated as complex I and complex 11, respectively. Whereas transcription by complex I can lead to the incorporation of up to 12 labelled cytidine nucleotides, transcription by complex I1 starting at around position +30 can lead to the incorporation of up to six labelled nucleotides into the first 50 nucleotides of P2 RNA. The ratio of transcription signals for probe E obtained for complexes I and I1 in nuclear run-on reactions (Fig. 3b, lanes 2 and 3) was determined to be 2:l (Fig.  3e) ; similar results were obtained for HL60 cells (data not shown). This suggests that equimolecular amounts of complexes I and I1 may exist at the P2 promoter. However, the results could also be explained by the heterogeneous distribution of single transcription complexes each activated from a different promoter proximal pause position in individual copies of c-myc.
In the presence of all four nucleotides, complexes I and II were expected to transcribe into more promoter distal sequences, thereby clearing the promoter. Accordingly, following the removal of nucleotides after a first run-on reaction with all four unlabelled nucleotides, hybridization signals were no longer detectable for probes B and E when a second run-on reaction was canied out in the presence of [ 3 2~]~~~ (Fig. 3c, lane 3) . Signals were also strongly diminished for the promoter proximal probes CID and 
lkanscriptional activity of promoter distal RNA polymerases
Surprisingly, the intensities of hybridization signals obtained for probes H-M were similarly strong regardless of whether a run-on reaction was first canied out in the presence of unlabelled NTPs or was performed directly with labelled nucleotides (Fig. 3c, lanes 2  and 3) . It is rather unlikely that the signals for probes H-M in lane 3 are generated by promoter proximal polymerases, since an increase in these signals was never observed even after prolongation of the run-on reaction to several hours (data not shown). It is more likely that RNAs giving rise to signals for probes H-M are produced by apparently trapped promoter distal polymerases which cannot leave their positions during the run-on reaction.
This hypothesis was tested by performing three successive rounds of run-on reactions, with the first and third round in the presence of [ 3 2~]~~~. In this experiment, the intensities of signals for probes H-M were diminished after the second run-on reaction with unlabelled nucleotides (Fig. 3d, lane 2) , but restored when the third run-on reaction was again carried out in the presence of [ 3 2~]~~~ (lane 3). Since pol I1 has been reported to possess RNAase activity (42) (43) (44) , promoter distal polymerases may continuously degrade and re-synthesize RNA in the transcription bubble, thus explaining the persistent incorporation of nucleotides even after repeated rounds of run-on reactions.
Positioned nucleosomes downstream of paused RNA polymerases at the c-myc P2 promoter
The different behavior of complexes I and II compared to complex III in run-on reactions couldbe due to differences in chromatin structure. The nucleosomal structure of the c-myc promoter region was studied by digestion of nuclei with micrococcus nuclease. Nuclei of RF266C3 cells were digested in run-on reaction buffer with increasing amounts of micrococcus nuclease and DNA was purified. The DNA was cut either with XbaI or XmnI and the nucleosomal structure of c-myc exon 1 studied by Southern analysis using small probes A and B. Positioned nucleosomes could be demonstrated on the fmt exon and intron of c-myc in RF266C3 (Fig. 4) and HL60 cells (data not shown). The promoter region and a stretch of DNA -100 bp downstream of the P2 RNA cap site were free of nucleosomes. Thus, complexes I and I1 transcribe nucleosome-free DNA in nuclear run-on experiments, whereas complex III transcribes nucleosome-packaged DNA.
The transition from complex I1 to complex 111 is probably a key step in the activation of c-myc expression. Treatment of RF266C3 cells with sodium butyrate induces c-myc (30) and leads to a 5-to 10-fold increase of signals for probes H-M (Fig. 1) without changing the signals for probes B/C and E/E Complex I1 was still detectable in sodium butyrate treated cells (Fig. 5, lane 4) , indicating that the activating mechanism acts after complex II has been established. Sodium butyrate did not affect the positioning of nucleosomes downstream of the P2 promoter (data not shown).
The kinase inhibitor DRB does not inhibit the formation of complexes I and I1 but inhibits transition of complex 11 in a processive transcription mode
The purine nucleoside analog 5,6-dichloro-l-P-D-ribofuranosylbenzimidazole (DRB) inhibits RNA elongation (45, 46) absence and presence of DRl3 and/or sodium-butyrate for 16 h and nuclei were isolated for nuclear run-on reactions. The presence of DRB did not reduce the transcription signals for oligonucleotides E and F when the run-on reaction was performed only in the presence of ATP, [ 3 2~]~~~ and GTP (Fig. 5, lane 6 ). This suggests that inhibition of CTD-phosphorylation does not inhibit the formation of paused complex II. However, DRB greatly inhibited the transition to processive transcription complexes as indicated by the reduced transcription signals obtained for probes H-M in sodium butyrate treated cells (Fig. 5, lane 7 ). An increased transcription rate for oligonucleotides G, H, and F in cells treated with DRl3 alone (Fig. 5, lane 6) was not reproducible in all experiments.
DISCUSSION
The pausing of pol I1 proximal to the promoter has been established as a major regulatory mechanism of gene transcription. In this report we have shown pause positions scattered proximally to the human c-myc promoters. In nuclear run-on experiments, paused polymerases become activated and transcribe up to 100 nucleotides. Since the pause positions at P1 were indistinguishable from P2, we restrict this discussion mainly to the major promoter, P2.
The pause positions of pol II at P2 were determined to be upstream of +16 for complex I and between +17 and +52 for complex 11. Since complex I incorporated twice as much [ 3 2~]~~~ as complex I1 into the first 50 nucleotides of P2 RNA (Fig. 3e) , we conclude that it pauses immediately at the transcriptional start site. Pol I1 transcribes nucleosomal DNA efficiently in vivo; however, in vitro, this ability is largely lost (48) . Chromatin analysis revealed that the high processivity of complexes I and I1 is restricted to transcription of the nucleosome-free promoter region, thereby indicating that, after activation in isolated nuclei, paused pol I1 is not adequately equipped for the transcription of nucleosomal DNA. The general lack in processive transcription of nucleosomal DNA is further demonstrated by the finding that pol II has almost no processivity in the distal region of the c-myc gene. In nuclear run-on transcription, the activity of promoter distal pol I1 appears to be restricted to the fill reaction of the transcription bubble. The low, but constitutive, activity of these polymerases may be due to the continuous degradation and re-synthesis of the nascent transcript within the transcription bubble (42, 43) .
It remains to be determined as to what extent the chromatin structure contributes to preventing complexes I and I1 from transcribing distal sequences. In fact, treatment of nuclei with 0.5% sarcosyl destroys the nucleosomal structure (data not shown) without a measurable effect on transcription downstream of probe F (Fig. 2, lane 6) . Similarly, the processivity of pol I1 dropped significantly 50-100 bp downstream of P2 when c-myc was transcribed in histone-free nuclear extracts (28) .
The paused transcription complexes I and I1 apparently lack the necessary factors or signals for full transcriptional activity. The factors TFIIS (49, 50) , TFIIF (5 1,52), TFIIX (53) and P-TEF (54) have been shown to support elongation of RNA in vitro. The involvement of TFIIS and TFIIX in the release of pol 11 from the P2 promoter appears questionable, since the action of these factors is not sensitive to DRB inhibition (55) . In contrast, the action of P-TEF on RNA elongation is inhibited by DRB at concentrations which have no effect upon transcriptional initiation. The molecular characterisation of P-TEF is not yet complete (54) . DRB has already been reported to inhibit c-myc RNA transcription longer than 200 bp (56, 57) . A similar effect has been described for the adenovirus major late promoter (58) and the HIV-I long terminal repeat promoter (46) . That DRB acts transiently and only on transcription complexes which lie close to the promoter suggest that DRB inhibits modification of the initiation complex. However, as demonstrated here, DRl3 does not inhibit the formation of the paused complexes I and II, indicating its effects to lie downstream of complex 11 by the inhibition of steps required for the transition into a processive transcription mode.
The most striking effect of DRB is its inhibition of the C-terminal domain (CTD) phosphorylation of the large subunit of pol I1 (47) .
The unphosphorylated CTD appears to be involved in the rapid recruitment of pol I1 to the inititation complex, as indicated by its preferential interaction with TBP (59), acidic trans-activators (60,6 l), and the minor groove of the DNA (62) . While all of these interactions may tether pol II to the promoter and prevent processive transcription, phosphorylation of CTD andlor CTD binding factors are thought to contribute to promoter clearance (8,9). Accordingly, at the Drosophila hsp70 and hsp26 promoters, the transition of polymerases from a proximally paused into a elongationally competent form coincides with phosphorylation of CTD in vivo (1 2,13) . Similarly, D m inhibits heat shock activated transcription of the Drosophila hsp70 gene without preventing the release of polymerases paused proximally to the promoter in nuclear run-on reactions (63) . Our data therefore suggest DRB to exert its inhibitory effect also on processive c-myc transcription by inhibiting CTD phosphorylation, although we presently cannot exclude the possibility that DRE3 also inhibits phosphorylation of additional sites in the intitiation complex.
Our results obtained in this study enable us to propose a model for c-myc regulation by the activation of paused transcription complexes: complexes I and I1 pause within a nucleosome-free region close to the promoter, while the distal complex III transcribes nuclwsomal DNA. The ratio of 2:l for transcription signals obtained for complexes I and II (Fig. 3e) raises the possibility that both complexes simultaneously co-exist at the promoter. This scenario would ensure permanent promoter occupancy regardless of whether the gene is actually transcribed, and may keep the promoter in an opened chromatin configuration ready for rapid gene activation. Alternatively, only a single pol 11 molecule may pause at different promoter proximal positions. Unfortunately, no techniques are currently available which allow to discrimate between these alkmatives.
